Pump stoppage can instantaneously increase the pressure within a pipeline, which is an extreme condition and poses a severe threat to the safety of long-distance water transmission projects.
INTRODUCTION
Water hammer is a pressure wave occurring when flowing water is suddenly forced to stop within a short time. The pressure generated by unsteady conditions in pipe networks occasionally exceeds the regular working pressure by two times or more (Nikpour et al. ) . Pump tripping induces water hammer, which still poses challenges to large-scale pumping stations with long-distance pipes. In particular, water column separation induces a severe fluid oscillation and structural vibration in pipes. Protective devices should be installed on pipelines to ensure the reliability and properties of hydraulic modules. Regarding pressure management strategies, air valves have the greatest effectiveness in alleviating negative pressures, compared with other types of protective devices against water hammer. Air valves can also sustain a positive pressure in the pipeline during pump stoppage (Bianchi et al. ) . Furthermore, air valves provide a method for discharging trapped air from pipelines. Specifically, they offer approaches for ameliorating water hammer; for example, transient events can be triggered by rapid valve closure or sudden pump stoppage. Air valves are thus critical for controlled and uncontrolled pipelines in water transmission engineering (Carlos et al. ) . A surge tank is an effective source of potential energy that can be released to minimise pressure. Surge tanks are effective in preventing column separation engendered not only by pump stoppage but also by abnormal valve operation. Moreover, applying valve-closing strategies to overcome pump failure is effective in avoiding water hammer. One-dimensional momentum and continuity equations for transient flow in elastic pipes are given, respectively, as follows (Wylie & Streeter, ) .
Momentum equation:
where H, D, and x are piezometric head, the pipe internal diameter, and a space variable, respectively; g, v, and, t are the gravitational constant, velocity (flow divided by crosssectional area), and a time variable, respectively; and f, a, 
where H suc , Hp, and ΔHp v are the height of the liquid surface in the suction reservoir above the datum, the pumping head at the end of the time step, and the head loss in the discharge valve for the pump discharge at the end of the time step, respectively. The valve head loss is as follows:
where Cv and Q P denote the coefficient of valve head loss and the flow through the pump at the end of the time step, respectively. When Hp i,1 , ΔHp v , and Qp i,1 , are eliminated, Equation (3) can be written as follows:
At the beginning of the time step, the variables α, υ, h, and β are known. The subscript 'P' denotes unknown variables at the end of the time step; that is, α P , υ P , h P , and β P .
The decelerating torque during power failure is given as follows:
where I denotes the combined polar moment of inertia of the pump/motor and the entrained liquid and N denotes the rotational speed of the pump. Equation (6) can be written in a finite-difference form by using the rated parameters N R and T R as follows:
Equation (8) can be simplified as follows:
where
The rotating mass equation can be written as follows:
These equations can be solved using the NewtonRaphson method.
SYSTEM BACKGROUND
A case study was conducted on water supply system analysis for the Yellow River, located in the northwest of China. Dimensionless parameters referring to the point of rated conditions are used as a reference and defined by the following variables, where the subscript R denotes rated conditions:
α, h, v, and β denote the relative angular velocity, relative head, relative flow moment, and relative hydraulic moment of the pump, respectively.
In water supply systems, the same pump types are generally used in a parallel pump unit; combining two types is rare. Therefore, a system involving combined pumps was used in this study as the research object.
RESULTS AND DISCUSSION
The water hammer occurring during an unexpected pump stoppage in the water supply system was calculated through programming code. The pump was considered to have stopped immediately. The calculation time for the transient analysis was set to 500 s. In the simulation process, the first step was executed without considering protective measures, and the second step was executed by considering the use of air valves and butterfly valves. Multiple combinations of protective devices were achieved by combining the butterfly and air valves, by using a one-way surge tank and applying it to the system. The final objectives were achieved with minimised construction and maintenance costs for the safety of the water delivery system. When the two pumps stopped, the valves were closed in two stages. The protection schemes and the main calculation results are presented in Table 1 .
As shown in Table 1 The effects of the protection equipment are presented in Figure 2 , as calculated for a condition involving simultaneous pump stoppage, where α is the relative angular velocity, h is the relative head, v is the relative flow The pressure in the pipeline was not obvious after the air valves were installed, and gas could not be discharged out of the pipeline. Therefore, to increasing protective effects, valves must be combined with a surge tank. Installing a surge tank ensures the elimination of spike pressure and cavitation.
(2) Cavitation problems easily occurred in the water supply system; this can be attributed to steady-state pressure, which was lower than the pipeline elevation in portions of the long horizontal main pipe. Selecting an appropriate location for protective equipment can prevent extreme pressures. Moreover, installing protective equipment can reduce hazard levels.
(3) The same or different valve-closing laws could be applied to different pump combinations. The valve-closing time must be less than the pump start to backflow; otherwise, the impeller would begin to rotate in the reverse direction.
These protective measures were observed to be satisfactorily effective.
